Novel hierarchical multipod g-MnS microcrystals have been successfully synthesized by a simple solvothermal method, in which manganese acetate was used as a manganese source and thiosemicarbazide was used as both sulfur source and capping agent. † Electronic supplementary information (ESI) available: Experimental details, EDS measurement and SEM image of the sample obtained by adding equimolar sulfur power instead of thiosemicarbazide. See www.rsc.org/advances 9618 | RSC Adv., 2015, 5, 9618-9620 This journal is
As one of the most important semiconductor materials, manganese sulde (MnS) has attracted great attention because of its potential in extensive applications including optoelectronic, magnetic and luminescent elds. 1-4 MnS has three crystal forms: the stable rock-salt (a-MnS), metastable zincblende (b-MnS) and wurtzite (g-MnS). Compared with the stable form, metastable phases of MnS can be expected to exhibit unique properties. However, the phase-controlled synthesis of MnS crystals still faces many difficulties, because metastable phases of b-MnS and g-MnS suffer from thermal instability and easily transform into the stable a-MnS at high temperature or high pressure. 5 Moreover, since the properties of materials depend on not only their phases, but also on their sizes, shapes and surface structures, much effort has been devoted to synthesize MnS nano/microcrystals with different morphologies such as rods, 6 spheres, 7 cubes, 8 stars, 9 corals, 10 owers, 11 boxes, 12 and so on. Among these various morphologies, complex three-dimensional (3D) architectures may offer more opportunities to explore their novel properties, comparing with one-dimensional (1D) and two-dimensional (2D) structures. Especially, 3D branched nano/microstrutures (called multipods) have received particular interest due to their large surface areas, multi-angle edges, and sharp corners. 13 However, the efficient fabrication of MnS hierarchical multipods still remains a great challenge. Herein, we report a one step solvothermal method to prepare multipod-shaped g-MnS hierarchical microstructures, in which manganese acetate was used as manganese resource and thiosemicarbazide was used as both sulfur source and capping agent. Furthermore, a possible growth mechanism of MnS multipods was proposed on the basis of the structural and morphological studies.
The detailed synthetic procedures and characterization methods are listed in the ESI. † The X-ray diffraction (XRD) pattern of the as-prepared g-MnS tripods is shown in Fig. 1 . The diffraction pattern can be indexed to a hexagonal phase of g-MnS (JCPDS no. 40-1289). Compared with the standard reections, the intensity of the (002) diffraction peak is decreased, but the (100) peak is increased. This changes in the intensities of (002) and (100) diffraction peaks imply that the growth of g-MnS tripods along [001] direction is enhanced, which is consistent with that in the reported literature. 14 The composition of MnS tripods was further conrmed by XPS analysis (Fig. 2) . No peak of other element, except C, O, Mn, and S, was detected in the survey XPS spectrum (Fig. 2a) . The observed C peak is due to the carbon supporting lm on the copper TEM grid, and the O peak is attributed to the absorption of oxygen on the sample surface or supporting lm. The XPS spectra of MnS sample agrees well with the typical MnS spectrum reported in the literature. 15 Fig. 2b and c showed the highresolution XPS spectra of Mn 3d and S 2p. The peaks at 653.5 and 641.8 eV are assigned to Mn 3d 5/2 and Mn 3d 3/2 . The peaks at 161.5 and 160.3 eV are attributed to S 2p 1/2 and S 2p 3/2 , respectively. Additionally, the energy dispersive X-ray spectroscopy (EDX) analysis also proved that there were no elements other than Mn and S present in the sample (Fig. S1, ESI †) . The EDX analysis indicated that the atomic ratio of Mn and S is approximately 1 : 1, which agrees well with the stoichiometry of bulk MnS. Furthermore, the corresponding EDS mapping data provides that Mn and S distribute homogeneously throughout the tripods (Fig. S2, ESI †) . Fig. 3a-d shows the typical scanning electron microscopy (SEM) images of as-prepared MnS microcrystals. From the low-magnication SEM image (Fig. 3a) , we can see that the resulting product was present in a large scale of tripods, displaying a special hierarchical microstructure feature. Interestingly, it can be observed that there is an obvious joint in the center, indicating these arms extend from the center. The high-magnication SEM images ( Fig. 3b-d ) exhibited tripod microcrystals with three arthrogenous arms ($4.0 mm in diameter and $4.5 mm in length) which were joined together by a hexagonal column ($7.5 mm in diameter and $6.0 mm in length). The high-resolution transmission electron microscopy (HRTEM) image ( Fig. 3e ) and the selected area electron diffraction (SAED) pattern (Fig. 3f ) taken on the individual dendrite arm shows lattice fringes with interplanar spacing of 0.32 nm, which was indexed to (002) planes of hexagonal g-MnS. This result indicates that the dendritic arms preferentially grow along the c-axis [001] direction, further conrming the characteristic of the XRD pattern (Fig. 1) .
The possible growth mechanism of MnS multipods is illustrated in Fig. 4 . S 2À ions can directly react with Mn 2+ ions and MnS clusters can be formed quickly, which will be used as the growth units. It is well known that the morphology of the products is highly dependent on their intrinsic crystal structures. 16 The XRD result shows that the as-prepared MnS has a hexagonal close-packed crystal structure (Fig. 1) . Thus, aer the initial nucleation, MnS growth habit demonstrates a crystalline hexagonal-shape columns (step 1). During this growing process, the surface of the as-growth crystals could be easily absorbed by the thiosemicarbazide moleculars, which will stabilize and protect the facets of MnS crystals, the bigger hexagonal columns will be formed. To elucidate the exact role of thiosemicarbazide played in affecting MnS shape, the control experiments were carried out. When equimolar sulfur powder was used instead of thiosemicarbazide, the obtained MnS products were irregular particles ( Fig. S3, ESI †) . This comparison indicates that thiosemicarbazide play not only as sulfur source but also capping agent. Then, secondary nucleation occurred on the lateral sidewalls of the hexagonal columns, followed by subsequent growth of the branched structures that provided high-energy sites for nanocrystal growth (step 2). 17 This process is driven to minimize the interfacial energy between the new crystals and the primary MnS crystal, which lowers the overall energy of the system aer the nucleation burst. Prolonging reaction time to 5 h, as shown in Fig. 3a-d , the morphology of the sample exhibits a tripod-like shape (step 3). As the reaction proceeds to 10 h, more and longer rod-like branches have been formed at the lateral sidewalls of hexagonal columns, nally selfassembling into a hierarchical microstructure (step 4), (Fig. S4, ESI †) . This is similar to the formation process of these hierarchical multipods reported previously, such as ZnO, 18 CdS, 19 and so on. In summary, hierarchical multipod g-MnS microstructures were successfully synthesized with thiosemicarbazide as both sulphur source and stabilizer. The multipod g-MnS microcrystals consisted of three (or six) arthrogenous dendritic arms which were joined together by a hexagonal column. On the basis of the structural and morphological studies, a growth mechanism has been proposed to explain the formation of the MnS multipods.
